Abstract In this study, the relative synonymous codon usage (RSCU) values, effective number of codon (ENC) values, nucleotide contents, and dinucleotide were used to investigate codon usage pattern of each protein-coding gene and genome among 31 Newcastle disease virus (NDV) isolates. The result shows that the overall extent of codon usage bias in NDV is low (mean ENC = 56. 15 [ 40). The good correlation between the (C ? G) 12 % and (G ? C) 3 % suggests that the mutational pressure, rather than natural selection, is the main factor that determines the codon usage bias and base component in NDV. It is observed that synonymous codon usage pattern in NDV genes is gene function and geography specific, but not host specific. By contrasting synonymous codon usage patterns of different NDV isolates, we suggest that more than one genotype of NDV circulates in waterfowl in USA; and gene length has no significant effect on the variations of synonymous codon usage in these virus genes. CpG under-represented is a characteristic for NDV to fit in its host. These results not only provide an insight into the variation of codon usage pattern among the genomes of NDV, but also may help in understanding the processes governing the evolution of NDV.
Introduction
When molecular sequence data started to be accumulated nearly 20 years ago, it was noted that synonymous codons were not used equally in different genomes, even in different genes of the same genome [1] [2] [3] . As an important evolutionary phenomenon, it is well known that synonymous codon usage bias exists in a wide range of biological systems from prokaryotes to eukaryotes [4, 5] . Codon usage analysis has been applied to prokaryote and eukaryote, such as Escherichia coli, Bacillus subtilis, Saccharomyces cerevisiae, Caenorhabditis elegans, and human beings [6] [7] [8] [9] . These observed patterns in synonymous codon usage varied among genes within a genome, and among genomes. The codon usage is attributable to the equilibrium between natural selection and mutation pressure [10, 11] . Recent studies of viral codon usage have shown that mutation bias may be a more important factor than natural selection in determining codon usage bias of some viruses, such as Picornaviridae, Pestivirus, plant viruses, and vertebrate DNA viruses [10, [12] [13] [14] . Meanwhile, lots of evidences prove that codons using abundant tRNA are selectively favored, especially in highly expressed genes [14, 15] . Recently, it was also suggested that codon usage was related to gene function and used to estimate the extent of bias toward codons that were known to be preferred in highly expressed genes [16, 17] . Analytical method of codon usage including the codon adaptation index (CAI), the G ? C content at different position, the relative synonymous codon usage (RSCU) and the effective number of codon (ENC) can reveal much about Meng Wang, Yong-sheng Liu contributed equally to this work.
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Newcastle disease virus (NDV), known as avian paramyxovirus-1 (APMV-1), is classified into Avulavirus genus of the Paramyxoviridae family. This family also includes important viruses such as Mumps virus, human parainfluenza virus, Sendai virus, Simian virus 5, and recently emerged Nipah virus and Hendra virus [21] . NDV has a broad host range and is known to infect over 200 bird species [22] . The viral genome, which is an enveloped, non-segmented, negative-stranded RNA virus consisting of approximately 13 kb coding region and 2 kb non-coding region, encodes six major structural proteins: nucleocapsid (NP), phosphoprotein (P), large protein (L), envelope matrix protein (M), hemagglutinin-neuraminidase (HN), fusion (F) proteins, and also a seventh protein (V) that is produced by a frame shift within the P coding region. They are arranged in the order 3 -25] . The codon usage pattern about the NH gene of 13 NDV strains at 1949-1989 revealed that the sequence variability appeared to reflect some accumulation of mutations over time [26] . In this study, it was the first report that codon usage indexes, including ENC, RSCU, the preferred codon and dinucleotide were applied to recently isolated NDVs, to obtain more clues to the features of genetic evolution of NDV.
Materials and methods

Sequence data
The information of 31 NDV genomes, including the serial number (SN), length value, the isolated area, the host and GenBank accession numbers of these strains was listed in the Table 1 . In addition, to compare the codon usage patterns among different viruses, two influenza A virus H5N2 genomes and eight Duck hepatitis virus (DHV) genomes were taken into account ( Table 2 ). All of the sequences were downloaded from NCBI (http://www.ncbi.nlm.nih. gov/Genbank/) and randomly selected for considering the representative of geographic origins.
Composition analysis of coding region of 31 NDV strains
In order to better understand the synonymous codon usage variation among different NDV isolates, The G ? C content at the first and second codon positions [(C ? G) 12 %] and that at the synonymous third position [(C ? G) 3 %] were calculated by the EMBOSS CUSP program, respectively [27, 28] . The values of the G ? C content at different positions were used to compare with the values of the other compositional content.
The actual and predicted values of the effective number of codon (ENC)
The ENC is used to measure the degree of departure from the equal use of synonymous codons of coding regions of NDV. The values of the ENC range from 20 to 61. The larger the extent of codon preference in a gene, the smaller the ENC value is. In an extremely biased gene where only one codon is used for each amino acid, this value would be 20; if all codons are used equally, it would be 61; and if the value of the ENC is greater than 40, the codon usage bias was regarded as a low bias [20] . The values of ENC were obtained by EMBOSS CHIPS program [29] .
Genes, whose codon choice is constrained only by a mutation bias, will lie on or just below the curve of the predicted values. The predicted values of ENC were calculated as
where s represents the given (G ? C) 3 % value [30] .
The calculation of the relative synonymous codon usage (RSCU)
To investigate the pattern of relative synonymous codon usage (RSCU) without the influence of amino acid composition among all samples, the RSCU values of codons in each ORF of NDV, H5N2 and DHV were calculated according to the formula of previous reports [31, 32] .
where g ij is the observed number of the ith codon for jth amino acid which has n i type of synonymous codons. The codon with RSCU value more than 1.0 has positive codon usage bias, while the value\1.0 has relative negative codon usage bias. When RSCU value is equal to 1.0, it means that this codon is chosen equally and randomly [33, 34] .
Relative dinucleotide abundance in NDV Because dinucleotide biases could affect codon bias, the relative abundance of dinucleotides in the coding regions of NDV genomes was assessed using the method described by Karlin and Burge [10, 35] . A comparison of actual and expected dinucleotide frequencies of the 16 dinucleotides in coding region of the 31 NDV genomes was also undertaken. The odds ratio q xy = f xy /f y f x , where f x denotes the frequency of the nucleotide X, f y denotes the frequency of the nucleotide Y, f y f x the expected frequency of the dinucleotide XY and f xy the frequency of the dinucleotide XY, etc., for each dinucleotide it was calculated. As a conservative criterion, for q xy [ 1.23 (or \0.78), the XY pair is considered to be of over-represented (or underrepresented) relative abundance compared with a random association of mononucleotides [10] .
Statistical analysis
Principal component analysis (PCA) was carried out to analyze the major trend in codon usage pattern in different gene groups and different genomes excluding non-coding regions of NDV. It is a statistical method that performs linear mapping to extract optimal features from an input distribution in the mean squared error sense and can be used by self-organizing neural networks to form unsupervised neural preprocessing modules for classification problems [7] . In order to minimize the effect of amino acid composition on codon usage, each ORF is represented as a 59-dimensional vector. Each dimension corresponds to the RSCU value of one sense codon excluding Met, Trp, and the three stop codons. Linear regression analysis was used to investigate the correlation between codon usage bias and gene length. Correlation analysis is used to identify the relationship between codon usage bias and synonymous codon usage pattern. This analysis is implemented based on the Pearson's rank correlation analysis. All statistical analyses were carried out using the statistical analysis software SPSS Version 17.0.
Results
The characteristics of synonymous codon usage in NDV As shown in Table 3 , the codons ending with U are favored (7 out of 18) and the global codon usage pattern is very similar among all NDV coding regions. The values of ENC among these NDVs are also very similar, and vary from 54.66 to 57.04 with a mean value of 56.15 and S.D. of 0.433 (Table 4 ), suggesting that the extent of codon preference in NDV genomes is less biased (mean ENC [40) and keeps at a stable level. Compositional properties of coding region of all NDV genomes Both (C ? G)% and (C ? G) 3 % have a highly significant correlation with each of A%, U%, C%, G%, A 3 %, C 3 %, G 3 %, and U 3 %, respectively, indicating that (C ? G)% and (C ? G) 3 % may reflect some important characteristics of codon usage pattern of NDV (Table 5) . Firstly, (C ? G) 12 % was compared with (C ? G) 3 %, a highly significant correlation was observed (Pearson r = 0.845, P \ 0.01). Secondly, the (C ? G) 12 % and (C ? G) 3 % were used to compared with the Axis1b (calculated by PCA) which was the largest trends in codon usage among these genomes. The Axis1b is significantly correlated with the (C ? G) 12 % (Pearson r = 0.518, P \ 0.01) and (C ? G) 3 % (Pearson r = 0.675, P \ 0.01). Finally, the ENC-plot [ENC plotted against (G ? C) 3 %] was used as a part of general strategy to investigate patterns of synonymous codon usage and all of the spots lie below the expected curve (Fig. 1) . These imply that the codon bias can be explained mainly by an uneven base composition, in other words, by mutation pressure rather than natural selection.
Effect of other potential factors on codon usage
From PCA of each gene groups of all NDV, we could detect one major trend in the first axis (Axis1a) accounting for 20.59% of the total variation, and another major trend in the second axis (Axis2a) for 15.94% of the total variation. A plot of the Axis1a and the Axis2a of all gene groups in NDV was shown in Fig. 2 . Obviously, those genes encoding the same protein tend to come together. Moreover, gene group L has a tendency to converge tightly. Gene group P is far from the other gene groups, and gene group M was also divided from the other gene groups. These findings imply that different protein-coding genes may have different codon usage patterns. So, gene function is probably another factor accounting for codon usage variation among these virus genes. From PCA of coding region of different NDV strains, one major trend in the first axis (Axis1b) which can account for 22.96% of the total variation, and another major trend in the second axis (Axis2b) for 13.46% of the total variation was detected. A plot of the Axis1b and the Axis2b of 31 NDV samples was shown in Supplementary Fig. 1 . Although this graph is a little complex, it is a sharp geographical demarcation to some extent: all the strains isolated from China tend to cluster together (except strains XD/Shandong/08), and the strains isolated from USA gather at two different places (Supplementary Fig. 1 ). These may indicate that geographic is another factor on codon usage bias. There is no clear division based on species of the host.
Furthermore, we also performed a linear regression analysis on ENC value and gene length of each NDV samples. However, there was no significant correlation between codon usage and gene length in these virus genes (Pearson P [ 0.05). Table 5 Correlation analysis between the (C ? G)%, (C ? G) 3 % and A%, G%, U%, C%, A 3 %, G 3 %, U 3 %, C 3 % in the coding region of 31 NDV genomes Qualitative evaluation of codon usage bias in gene groups of NDV There was a seemingly random variation in RSCU between amino acids and gene groups. There were several synonymous codons with strong discrepancy for codon usage in each gene group. In details, as for gene group NP, AGA for Arg, AUC for Ile, CUC for Leu, AGC for Ser was chosen preferentially; in gene group P, CCC for Ala, CAC for Asp, UGU for Cys, UUU for Phe, UAU for Trp was chosen preferentially; in gene group M, AGG for Arg, AAU for ASN, AAG for Lys, ACC for Thr was chosen preferentially; in gene group HN, GGG for Gly, UUA for Leu, ACA for Thr was chosen preferentially; in gene group F, only UCA for Ser was chosen preferentially; and in gene group L, only CCA for Pro was chosen preferentially (Fig. 3) .
The codon usage pattern among NDV, H5N2, and DHV There were considerable differences for codon usage patterns among NDV,influenza A virus H5N2 and DHV. In details, the values of RSCU in some NDV codon such as GGG for Gly, GAG for Glu, AUC and AUU for Ile, GUA and GUC for Val were clearly different from that of the other viruses (Fig. 4) .
The relationship between dinucleotide biases and codon usage in NDV
The frequencies of occurrence for dinucleotides were not randomly distributed and no dinucleotide was present at the expected frequencies. Only the frequency of CpG was significantly low at all codon positions for coding region of 31 NDV genomes (mean q CG = 0.561, SD of 0.018, q CG \ 0.78) ( Table 6 ). In addition, the RSCU values of the eight codons containing CpG (CCG, GCG, UCG, ACG, CGC, CGG, CGU, and CGA) were analyzed, to reveal the possible effects of CpG under-represented on codon usage bias. All of these eight codons were not preferential codons and suppressed markedly (Table 3) .
Discussion
The synonymous codon usage bias in coding regions of NDV are low (mean ENC = 56.15, higher than 40) in the study. This is in agreement with previous reports about some other RNA viruses, such as BVDV, H5N1 influenza virus and SARS-covs with mean values of 51.43, 50.91, and 48.99, respectively [20, 36] . A low codon usage bias is advantageous to replicate efficiently in vertebrate host cells, with potentially distinct codon preferences. A general mutational pressure, which affects the whole genome, would certainly account for the majority of the codon usage variation. In this study, the general association between codon usage bias and base composition suggests that mutational pressure, rather than natural selection, is mainly supported by the highly significant correlation between (C ? G) 12 % and (G ? C) 3 % (r = 0.845, P \ 0.01), since the effects are present at all codon positions [12, 13] .
It is now accepted that higher codon usage bias is advantageous to improve the level of gene expression [30, 37, 38] . Recent study had also demonstrated that protein M of NDV was necessary and sufficient for viruslike particles budding and releasing in vitro [39] [40] [41] , and the high expression of protein M primarily prolonged their survival and consequently enhanced virus replication [42] . Therefore, the codon usage bias of gene group M is higher than other gene groups in NDV. This is an important mechanism for survival and replication of NDV ( Fig. 2 ; Table 7 ). A highly significant difference of codon usage pattern between gene group P and other gene groups of NDV also reveals the effect of gene function. Because the gene P is unique in that transcriptional editing of its mRNA results in two nonstructural proteins, V and a potential W, among the six genes encoded in the genome [43] [44] [45] . Base on gene function, only HN and F coded the two surface glycoproteins in all gene groups of NDV [46] . From protein function, there is a physical association between virusspecific HN and F proteins (HN-F) at the cell surface [47, 48] , and both HN and F proteins are important factors accounting for cell fusion in virus infection [49] [50] [51] . All above reveal some association between gene group HN and F.
Due to geographic factors, the strains isolated from China tended to cluster together except strain XD/Shandong/08. However, further study revealed that strain XD/ Shandong/08 was generated by a recombination event in the genes F, L, and non-coding region between the genes HN and L [52] . Gene recombination event is therefore another factor accounting for codon usage variation among these virus genes. Interestingly, the seven strains isolated from waterfowl in USA gathered at two distinct places; these findings reconfirm that more than one genotype of NDV circulated in waterfowl in USA [53] . It was reported that synonymous codon usage pattern in the genes of severe acute respiratory syndrome Coronavirus was virus specific and phylogenetically conserved, but it was not host specific [20] . But other reports showed that the analysis of codon usage patterns allowed identification of host origin and evolutionary trends in influenza viruses [54] . In this study, No correlation was observed between the codon usage bias and the host. Comparing with other avian viruses (H5N2 and DHV), no remarkable similarity was found in codon usage pattern of NDV. It is likely that the virus has its own characteristic of codon usage patterns.
Our study first revealed that CpG and the eight CpGcontaining codons were notably deficient in coding region of NDV genome. The probably explanation for the CpG [55] . The CpG deficiency is a characteristic for NDV to fit in its host.
In short, our analysis revealed that codon usage bias in NDV was low and mutational pressure was the main factor that affects codon usage variation in NDV. Other factors, such as base composition, gene function, geography, dinucleotide, and even gene recombination also significantly influence codon usage bias. No correlation has been found between codon usage and viral host. However, due to a lack of sequence data and detailed information about these isolations, a more comprehensive analysis is needed to reveal more information about other responsible factors within NDV.
